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A bstract
The terminal orientation of a rigid body is a classic example of a system out of
thermodynamic equilibrium and a perfect testing ground for the validity of the max
imum entropy production principle(MEPP). A freely falling body in a quiescent fluid
generates fluid flow around the body resulting in dissipative losses. Thus far, dynam
ical equations have been employed in deriving the equilibrium states of such falling
bodies, but they are far too complex and become analytically intractable when iner
tial effects come into play. At that stage, our only recourse is to rely on numerical
techniques which can be computationally expensive. In the past, it has been shown
that the MEPP is a reliable tool to help predict mechanical equilibrium states of
free falling, highly symmetric bodies such as cylinders, spheroids and toroidal bodies.
Physicists have been able to show that the MEPP correctly helps choose the stable
equilibrium in cases when the system is slightly out of thermodynamic equilibrium.
In this thesis, we expand our analysis to examine bodies with fewer symmetries than
previously reported, for instance, a half-cylinder. Using two-dimensional numerical
studies at Reynolds numbers substantially greater than zero, we examine the validity
of the MEPP. Does the principle still hold up when a sedimenting body is no longer
isotropic nor has three planes of symmetry? In addition, we also examine the rela
tion between entropy production and dynamical quantities such as drag force to find
possible qualitative relations between them.
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C hapter 1
Introduction

Figure 1.1: The ellipsoid [59] and the cylinder [60] are examples of homogeneous
bodies with fore-aft symmetry

The terminal position of homogeneous bodies of revolution around an axis, a, with
fore-aft symmetry, depends on the shape, size, and density of the body, and the
nature of the fluid in which the body is immersed [1]. In a Newtonian fluid, the body
falls with a (longer axis) perpendicular to the direction of the flow [11]. One way
to conduct experiments on terminal orientation of a solid is by letting the body fall
through the fluid as it sediments due to gravity [21]. Another way is by setting up
the experiment horizontally with the body hinged at the center of the flow tank [2].
In this latter case, the body is allowed to rotate around one axis due to being fixed in
space while the flow moves pass the body [2]. Both experimental setups hence similar
qualitatively results and will not be distinguished in this thesis [20].
1

Sedimentation of a solid body in a newtonian fluid has been studied and explained
from a force point of view. When the forces acting on the body cancel one another,
then the body has reached mechanical equilibrium. Our goal here is to look at this
problem of pattern selection and understand it from an energy point of view. In or
der to do so, we must first define what a dissipative system is, and what is dissipation.

“A dissipative system is a thermodynamically open system which is operating out
of, and often far from, thermodynamic equilibrium in an environment with which it
exchanges energy and matter” [57].
''Dissipation includes the concept of an dynamical system where important mechan
ical modes, such as waves or oscillations, lose energy over time, typically due to the
action of friction or turbulence. The lost in energy is converted into heat, raising the
temperature of the system” [58].

Dissipation is related to entropy in a system. Entropy production can be thought
as the speed at which the lost in energy is being converted into heat.

Problems concerning pattern formation are often related to optimal principles and
conservation laws. The principle of minimum potential energy, the principle of least
action, and Fermat’s principle of least time are some examples of such principles [4].
Since the final orientation of a body in a viscous fluid is a problem of pattern selec
tion, it lends itself for us to study a principle that must be optimized. Further, since
fluid systems are essentially dissipative and the events described are out of equilib
rium, this allows us to use thermodynamics tools towards these problems [11,20]. In
this study, we will test the validity of the Maximum Entropy Production Principle
(MEPP) in predicting the terminal orientation of a solid in a Newtonian fluid.

2

For the purposes of this study we define the Re = — , where U is the uniform
v
velocity, d is the characteristic length and v is the kinematic viscosity. In the prob
lem presented in this thesis, d = B sin 9 + H cos 9, where B is the major axis and
H is the semi-minor axis, v = 10~3kg /m 3, and U = O.OOlra/s —0.5ra/s. Therefore,
we have 0 < Re < 10 in our analysis. It has been shown that the terminal state of
symmetric rigid bodies in Newtonian fluids depends highly on the Reynolds number
(Re) and the geometry of the body. At small Re, a steady terminal orientation is
observed. However, when the Re reach certain range of values, the problem becomes
more complicated [20]. These details are described in detail in the results section of
this study.

The geometry of the solid also plays a big role in the terminal position of the body.
So far, all related studies have been performed on very symmetric bodies, such as
cylinders and spheroids. If the MEPP proves to be a successful selection criterion
to determine the terminal orientation of an ellipse, will it still hold for a shape with
less symmetry? In order to test the validity of the MEPP as a pattern selection
tool we will (i) verify that it coincides with the known terminal orientation of bodies
with fore-aft symmetry (Ellipse), (ii) restrict the symmetry of the body by cutting the
ellipse in half to form half-cylinders of various aspect ratios, and (in) compare the
results from the simulations with experiments to solidify the veracity of our findings.

1.1

M EP Principle

Optimality principles have enjoyed popularity in physics due to their successes in
various areas of theoretical physics. Ziegler’s principle states that complex systems
which are out of thermodynamic equilibrium settle to steady state corresponding to
maximum entropy production [4,5]. From a statistical view point, Shannon and
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Jaynes, based on interpretations of entropy by Boltzmann and Gibbs, were able to
relate their results to Ziegler’s principle. A more popular version of the entropy
optimal principle is due to Prigogine [6] and Onsager [7] which works for systems
in the near equilibrium regime and shows that the minimum entropy production
corresponds with the steady state of the system. In a discussion presented in the
review by Martyushev and Seleznev [4], it is clarified that Ziegler’s principle and
Prigogine’s principle are not contradictory. In fact, they indicate that the MEP is a
more general principle to be applied [4,17].
In 1931, it was shown by Onsager [7], and most recently studied by Chung et al [11],
that the local entropy production density equation can be written by the the product
of thermodynamic forces1-1 (denoted X ) and fluxes (denoted Y)

p,

= Y XiYi
i

+ E

X ‘Y '

j

+

J 2 X kiYk>
kl

( i- i)

and this product may be represented as scalars, vectors or second order tensors.
If we are looking at near equilibrium phenomena, Onsager indicated that a linear
function of the forces, Y.t — JA . LijXj may be used to represent flux. Here, L ij
represent phenomenological constants satisfying the reciprocity relations by Onsager
[7,8], Liz > 0,LaLkk > —

+ Lfa)2. When concerned with an incompressible fluid

in motion, ps takes the specific form [11]

Ps= ^;T : D + j , • V

i —J

where T is the temperature, j 9 is the heat flux, T is the Newtonian fluid Cauchy
stress tensor T = —pi + 2/7D and D is the symmetric part of the velocity gradient
D = i( V u + V Tu) [11]. Here , viscous dissipation is the first term on the right hand
side, while the second term represents the heat conduction due to a temperature
gradient [11].

4

In our 2D simulation, we ignore gravity, and we assume negligible effect of the
heat conduction term, and also, that the ambient temperature T = Tq is constant
[11,18,19]. We then integrate Eq.(1.2) over the entire domain of the unbounded fluid
to obtain the net global entropy production as follows

T : D dV

2**D : D = ^

(1.3)

D : D dV

(1.4)

J-o

+ ¡1

dvy
dx

dvx
dy

dV

(1.5)

In order to compute equation (1.5), we first need to solve the velocity field corre
sponding to the flow past ellipse and half-cylinders. These are then numerically put
back into the integral in eq.(1.5) to find V. Without loss of generality, T0 = 1.

Theory has been used to explain these problems but with limitation on the value
of Re. Previous theoretical calculations are based on expansions of flow velocity, and
they are only valid in a extremely small range of Re. Also, the theory is limited to
highly symmetric bodies. On the other hand, experiments have shown auto rotation
and oscillatory motion of the solid at high values of Re, but the production of entropy
has not been captured in such experiments. This leaves us with the theory having
its limitation due to being only useful for small value of Re and experiments showing
us the behavior of solids at any value of Re without being able to use the entropy
production to explain the behavior of the system. In this study we use computations
on these problems to be able to test the MEPP with more precision than theory or
experiments can offer. Numerical simulations gives us the freedom to compute the
entropy production for any values of Re.
5

According to a review by Martyushec and Sleznev [4], the MEPP can “pretend to
be an universal principle governing the evolution of nonequilibrium dissipative sys
t e m s Part of their review deals with the use of the MEPP in different scientific
disciplines such as: hydrodynamics [22-37], crystal growth and and other solid state
transformations [38-43], transfer of electrical charge, radiation, etc [44-48], and chem
istry and biology [49-53,55,56].

We can clearly see that the Maximum Entropy Production Principle has been ap
plied in many different fields with success. Is this a fundamental law of nature? Have
we discovered a 4th law of thermodynamics? Could all pattern selection in nature
be explained by the Maximum Entropy Production? Our goals are less lofty here,
In this study we explore modest goals of testing the robustness of MEP for complex
geometries and in far from equilibrium simulations.

1.2

Sedim entation Experim ents (N ew tonian)

Perhaps the easiest way to determine the terminal orientation of a solid in a fluid is by
letting the solid sediment in a tank that allows for observation of the body in motion.
These type of experiments have been performed abundantly in the past, and we will
design such an experiment to compare with the results from our simulations. One
example of sedimentation experiment was performed by D.D. Joseph [21]. In his work,
he showed how elliptical bodies with round ends, when immersed in a Newtonian fluid,
orient themselves such that their longer axis is perpendicular to the direction of the
flow [21]. A picture of the cylindrical body as it sediments in the fluid is shown below.

6
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Figure 1.2: Snapshot of aluminium cylinders sedimenting in a Newtonian liquid (60%
glycerine in water) [21].

1.3

Experim ents in Flow Tanks

An alternative to sedimentation experiments is to set up the experiment in a flow
tank. Experiments in flow tanks are set up horizontally in a recirculating water
tunnel, in which the inlet channel velocity can be controlled (see figure 1.3). In doing
so, the behavior of the solid can be observed for long periods of time and exposed to
higher values of Re (higher velocity) compared to sedimentation studies [13]. This
type of experiments have been successful in exploring the steady state of solids, and
it is the inspiration for our simulation.

Figure 1.3: The Panel (a) shows a schematic of the experimental setup for the time
dependent experiments.The arrows indicate the flow direction of water in the flow
chamber. The Panel (b) shows the details of the particle suspension mechanism which
restricts the motion of the body (cylinder or prolate spheroid) to rotation about the
suspension axis alone. (Picture taken from [13]).

In a later study, this type of experimental setup was used to study and classify the
vortex-induced oscillation and the wake structure of flow past finite cylinders [3]. The
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experimental setup and the results can be seen in figure 1.4 and figure 1.5 respectively.
In these type of experiments, the body is suspended in the flow tank by using a wire
inserted in the walls of the tank to prevent the solid from displacement. This allows
the body to rotate in one direction.

Figure 1.4: Schematic a shows how the angle 9 is defined in our study. The dashed
lines indicate a frame attached to the body. The angle 9 can be thought of as the
inclination of the body frame with respect to an inertial frame with the same origin.
The mathematical analysis reveals that the equilibrium states correspond to 0=0, 7t/ 2
with the former being the stable state. We define the angle (=7 t/ 2-0 to allow for a
more convenient description of the cylinder’s dynamics in our mathematical model,
b-d show various perspectives of the experimental setup, b and c from the sides and
d from the rear of the flow tank. (Picture taken from [3]).

8

Figure 1.5: This phase diagram shows the varying dynamics of the cylinder as a
function of Reynolds number (Re) and the non-dimensional inertia I* of the body.
These include steady orientation (S), small, random oscillations (O), periodic oscil
lations^) and autorotation (A). The image is prepared by color interpolation of a
discrete data set. The variation in colors gives us an indication of the threshold of
bifurcation.The cartoons of the cylinder in the plot are meant to represent the dy
namics displayed by the hinged cylinder, and the arrow to the left is indicative of the
flow direction. (Picture taken from [3]).

We will conduct our 2D simulations using COMSOL by employing this horizontal
setup of a solid body hinged at the center of a channel and letting the flow pass the
body. The specifics of this simulation will be discussed in the next chapter.

9

C hapter 2
C om putations
2.1

N um erical M ethod

The software COMSOL Multi-physics [15] was used to create and conduct our 2D
simulations. The COMSOL module of Fluid Structure Interaction (FSI) was used to
set up the simulation.

Our attempt is to simulate flow past a solid in different positions and compute the
entropy production and drag forces produced by the system as COMSOL gives the
solution to the fluid field in the system. In doing so, COMSOL solves the following
coupled equations:

P

+ u • V u j - /¿V • (Vu + Vr u) + Vp = 0

V •u = 0

( 2 . 1)

(2.2)

where p is the density of the fluid, u is the incompressible fluid velocity field, t is
time, p is the kinematic viscosity, and p is the pressure.

10

After the flow field was computed, the net drag, pressure drag, viscous drag and
entropy production on the solid as a function of the flow velocity were evaluated.
The net drag computed is given by

Fr) = û - j ) T - n d S

(2.3)

If we decompose equation (2.3), we obtain the components of drag, namely, pressure
drag and viscous drag which are as follows:

F

F VD

pd

—

u

= U

—pH dS

(2.4)

2/iD • n d S

(2.5)

Similarly, entropy production (see equation (1.5)) is computed in the simulation.

The simulations for our study were performed on a two-dimensional domain with
length 0.5 m and height 0.18 m (see figure 2.1).

Figure 2.1: Ellipse hinged in the center of the two-dimensional domain.

The channel inlet was set to be the front wall of the domain, at which a uniform
inflow velocity was prescribed. The channel outlet was set to be the end wall of the
domain, at which zero pressure, no viscous stresses were prescribed. The top and

11

bottom walls of the domain were set to have slip boundary conditions. Having slip
boundary conditions is equivalent to conducting the study in a fluid with infinite
volume, that is, the behavior of the body and the flow itself is not be influenced by
wall effects. The bodies were each fixed exactly 0.15 m away from the channel inlet
and at 0.09 m from the bottom to to avoid possible numerical inlet effects (see figure
2 . 1).

We designed an ellipse and several half-cylinders with different aspect ratios. The
aspect ratio of the half cylinders was defined in the following manner. For half
cylinders with aspect ratio greater than 2, it was defined as the ratio of the major
axis and the semi-minor axis. For half-cylinders with aspect ratios less than 2, it
was defined as the ratio of the minor axis and the semi-major axis(see figure 2.2). In
addition to the ellipse, we studied half-cylinders with aspect ratio O.l(ARO.l), 0.25,
0.5, 1, 1.5, 2, 3, 4, and 5(AR5).

Semi-major axis = 5

/
Major axis = 5

Minor axis = 0.5

Figure 2.2: The figure above shows a half-cylinder with AR5 at the left, and a halfcylinder with AR0.1 at the right.

A fine mesh was chosen for all simulations (see figures 2.3, 2.4, 2.5). COMSOL
uses the finite element method (FEM) to generate a mesh for the study. Several con
vergence tests to verify the accurateness of the computational results were performed
on the meshing by a previous thesis student whose work was on [54]. COMSOL used
the PARADISO solver, which was run for 5 seconds in increments of 0.01 of a second,
12

to solve for the time dependent variables. The Navier-Stokes equations for the flow
past the body were solved by the FSI module in COMSOL. Once the velocity field
was solved, the solution was put back into the integrals for entropy production, total
drag, pressure drag and viscous drag.

Figure 2.3: Fine mesh in the domain for the ellipse consisting of 5662 elements.
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Figure 2.4: Fine mesh in the domain for the half-cylinder (AR5) consisting of 5742
elements.

Figure 2.5: Fine mesh in the domain for the half-cylinder (AR0.1) consisting of 6768
elements.
14

We set COMSOL to conduct a parametric sweep (see figures 2.7 and 2.8) for the
parameters Re and 9 (see figure 2.6). Re took the values of 0.02, 0.06, 0.1, 0.16, 0.2,
0.4, 0.8, 1, 1.2, 1.6, 2, 4, 6, 8, and 10. 9 ranged from 20°, 45°, 65°, 90°, 115°, 135°,
160°, 180°, 200°, 225°, 245°, 270°, 295°, 315°, 340°, to 360°.

Figure 2.6: Angle at which the solid is fixed in the system. In the figure 0 = 45°.
A parametric sweep for each value of the Re was performed. For Re = 0.02,
the sweep simulated the flow past the ellipse at each angle 9. Then, the sweep was
performed for next value of Re and all angles 9. This procedure was done until the
results were collected for all values of Re, all angles 9, and for the ellipse and half
cylinders of different aspect ratio. We computed the results for entropy production,
total drag, pressure drag and viscous drag.

Figure 2.7: Ellipse in the parametric sweep. At each angle 9, the simulation runs and
the results are recorded by COMSOL [15]. The particle rotated in a counterclockwise
direction.
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Figure 2.8: Half-cylinder (AR5) in the parametric sweep. At each angle the simu
lation runs and the results are recorded by COMSOL [15]. The particle rotated in a
counterclockwise direction.

2.2

R esults

2.2.1

T he Ellipse

Figure 2.9: Numerical simulation of velocity field vectors past an ellipse oriented at
90° (terminal position) with respect to the uniform flow direction. The color scheme
represents the speed of the flow.
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We first began testing the validity of the MEPP as a pattern selection principle in a
Newtonian fluid by running our simulation with the very well known case of an ellipse.
Bodies with fore-aft symmetry orient themselves with the longer axis perpendicular to
the direction of the flow. With this in mind, we design an ellipse in our 2D simulation
and execute the parametric sweep. The ellipse has dimensions 0.02 m (major axis)
and 0.0078125 m (minor axis). The terminal orientation of the ellipse known from
previous cases, (see figure 2.9), is where 9 = 90° in our simulation.
Our results showed that at this angle of 6 the system coincided with (i) maximum
entropy production, (ii) maximum total drag, (Hi) maximum pressure drag and (iv)
minimum viscous drag. Note that two maximums are observed in the figure 2.10.
However, there is only one unique terminal position, since the two maxima observed
correspond to 9 — 90° and 9 = 270°, which are identical positions with respect to the
incoming flow.

Figure 2.10: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the ellipse at Re=1.6
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2.2.2

T he Half-Cylinder: A spect R atio 5 (A R 5)

Figure 2.11: Numerical simulation of velocity field vectors past a half-cylinder (AR5)
oiiented at 90° (terminal position) with respect to the uniform flow direction. The
color scheme represents the speed of the flow.

Now that we know that the maximum entropy production coincides with the terminal
orientation of an ellipse in a Newtonian fluid, we will investigate this further by
reducing the symmetry of the body. The half-cylinder is a perfect modification to
the problem and serves to further investigate the validity of the MEPP in more
complicated cases. The AR5 half-cylinder we designed has dimensions of 0.02 m
(major axis) and 0.0039 m (semi-minor axis). It was clamped at the center of the
domain as specified in the numerical method. Contrary to the ellipse, we found
that for the half-cylinder, in the range 0.02 < Re < 1.6, there are two distinct
maxima for the entropy production to choose from. Those correspond to the flow
being perpendicular to the parabolic and flat side of the half-cylinder respectively.
Similarly, there are two extrema for total drag, pressure drag and viscous drag. These
extrema are observed at 9 = 90° and 0 = 270° (see figures 2.12, 2.13, and 2.14).
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Total Drag —* — Entropy Production

—B— Pressure Drag —A — Viscous Drag"]

Figure 2.12: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR5 at Re=0.1

—© — Total Drag — * — Entropy Production —e — Pressure Drag —A — Viscous Drag

Figure 2.13: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR5 at Re= 1
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Figure 2.14. Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR5 at Re=8

We carefully proceed to analyze the results and note that as the Re increase the
system is pushed further from thermodynamic equilibrium, and there is a switch from
the entropy production being a maximum when 9 = 90° to being a min-max. In fig
ure 2.15 we see that the switch occurs for Re > 1.6. In phase 1, corresponding to
0 < Re < 1.6, the system is the near equilibrium state which corresponds to stokes
like flow where inertial effects are negligible. In this phase, the selection of the ter
minal position coincides with (i) maximum entropy production, (ii) maximum total
drag, (in) min/max pressure drag and (iv) max/min viscous drag.

In phase 2 (Re > 1.6), the system is pushed farther from thermodynamic equilib
rium. So far, theory has not been able to explain what happens when a system is
out of thermodynamic equilibrium. This is the first study where we now have an idea
of what it means to go out of thermodynamic equilibrium, and it coincides with the
onset of vertexes. MEP is still a local maximum, but no longer a global maximum. It
is now a min-max for the system out of equilibrium. The terminal position coincides
with (i) min-max entropy production, (ii) min-max total drag, (Hi) min-max pressure
drag and (iv) max-min viscous drag.
20

The results obtain in phase 2 represent a description of pattern selection in a system
that is far from thermodynamic equilibrium. This is very powerful result since for the
first time we have an idea how the entropy production describe the system. Although
this is only one example, the results show that a system that is far from equilibrium
will settle to a steady state corresponding to the min-max of entropy production. Is
this a new principle? We are intrigued by these results and efforts in generalizing it
will be pursued.

Reynolds number

Figure 2.15: entropy production versus flow speed for the case of 9 = 90° and 9 = 270°.
The boundary between phase 1 and 2{U = 0.08m/s and Re = 1.6) is determined
based on the observation switching of maxima in our data.

Hubler et al also observed a switching in entropy production in their study of the
self-assambly of nanotubes [16]. As the system is pushed further and further from
thermodynamic equilibrium, the selection principle becomes more and more complex.
This is in part due to the development of vortexes in the flow.(see figure 2.16)
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Figure 2.16: Development of vortexes as the system is pushed further and further
from thermodynamic equilibrium

2.2.3

T he Half-Cylinder: A spect R atio 0.1 (A R 0.1)

Figure 2.17: Numerical simulation of velocity field vectors past a half-cylinder (AR0.1)
oriented at 0° (terminal position) with respect to the uniform flow direction. The color
scheme represents the speed of the flow.

The next case we considered in our research was a half-cylinder with a short hori
zontal axis and a long vertical axis. Cutting such a cylinder in half will also be a
modification to a long ellipse and serves as the next body to test the MEP principle.
The AR0.1 half-cylinder we designed has dimensions of 0.027951 m (semi-major axis)
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and 0.0027951 m (minor axis). Since in our simulation the body is clamped, we do not
account for gravity in the study and the results for our AR0.1 half-cylinder revealed
only one possible terminal position. Namely, the maximum entropy production oc
curred at the angles 0 = 0° and 180°, (see figure 2.18) which are identical positions
with respect to the direction of the flow. This make sense, since if we consider a
much longer and thinner body, infinitely stretching it, then the center of mass will
be at the middle of the body, and it will be similar to what our simulation produced,
and similar to the ellipse. Keeping this in mind, and using the maximum entropy
production as a pattern selection principle, we arrived at the conclusion that a sig
nificantly long body, with its horizontal axis much shorter that its vertical axis, will
orient itself such that the longer axis is perpendicular to the direction of the flow
(see figure 2.17). This position coincides with (i) maximum entropy production, (ii)
maximum total drag, (Hi) maximum pressure drag and (iv) minimum viscous drag.
| ~ Q ~ Total Drag

Entropy Production —B— Pressure Drag —A — Viscous Drag |

Figure 2.18: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR0.1 at Re=1.2

The analysis of the entropy production as a function of Re for the angles 6 = 0°
and 180° was done, and the results were as expected. Since both angles are mirror
images of one another about the x —axis, the entropy production at each of this
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angle is the same (see figure 2.19).
Aspect Ratio 0.1

Figure 2.19: entropy production versus flow speed for the case of 6 = 0° and 6 = 180°

2.2.4

H alf-cylinders w ith aspect ratios betw een 0.5-3

In addition to the extreme cases, we also studied half-cylinders with other aspect
ratios. Our initial studies indicated that half-cylinders in this ranged of aspect ratio
displayed interesting transitional behaviors that have not been noticed before. The
half-cylinder with AR0.25 produced similar results to the half-cylinder AR0.1. Like
wise, the half-cylinder with AR4 produced similar results to the half-cylinder AR5.
For half-cylinders with 0.5 < A R < 3, the results were more complex and yet to
be completely explained from the MEP perspective (see figures 2.20, 2.21, and 2.22
for sample calculation results). The geometry of the solid body seems to play an
important role in the pattern selection, and the results of these half-cylinders will be
analyzed meticulously in future studies.
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Figure 2.20: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR0.5 at Re=1.2 (on the left) and
Re—10 (on the right).

We can observe from the figure on the left, that the entropy production behaves
the same as in the extreme case of AR0.1. However, the figure on the right displays
a maximum of entropy production at 6 = 20°, which was not expected for this half
cylinder and future analysis of these results is currently being pursued.

Figure 2.21: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR1 at Re=1.2 (on the left) and
Re=10 (on the right).

We can observe from the figure that the local maxima of entropy production occur
at angles for which no experiments have been designed to compare with. A more
25

careful analysis of these results will be pursued in the future.

Figure 2.22: Entropy production, drag force, pressure drag and viscous drag as a
function of orientation angles for the half-cylinder AR3 at Æe=1.2 (on the left) and
Re= 8 (on the right).

We can observe from the figure that even though the entropy production behaved
as expected, the drag force in the system needs to be more carefully interpreted. We
will rigorously analyze these results in the future.
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C hapter 3
E xperim ents on H alf-cylinders
In order to compare the results from our simulation, we designed 3D particles to
conduct a sedimentation experiment. In the past, scientists have designed sedimen
tation experiments with cylinders and simple geometric shapes, but for half-cylinders
nothing has been done. In our work, however, half-cylinders is the focus of the study.

3.1

Experim ental M ethod

For our experiment we used a glass tank with dimensions 24 in high and 4.8 in x 4.8
in base (see figure 3.1).

Figure 3.1: Tank used for the sedimentation experiment.
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The liquid of this experiment consisted of water and corn syrup. We carefully
mixed the water and the corn syrup in order to be able to observe a slow descend
as the particle were released. The volume of water to syrup used was - to - . The
5
5
volume of the mixture in the tank was approximately 6308 m.L3. We inserted the
particles at the top of the tank, immersed in the fluid, and released them to observe
the terminal orientation.

We designed 3D particles for the ellipsoid, and the half-cylinders with aspect ra
tio 5 and 0.1, using www.tinkercad.com (see figure 3.2). We used a MakerBot Mini
3D printer to print the particles. The MakerBot Replicator Mini takes plastic (PLA
filement), melts it, and squeeze it to bluid a 3D solid object layer by layer with the
touch of one button using a method called fused deposition modeling.

Figure 3.2: a) is the 3D shape produced by rotating our 2D half-cylinder (AR5) about
its semi-minor axis, b) is the 3D shape produced by expanding our 2D half-cylinder
(AF,5) into the z axis, c) is the 3D shape produced by rotating our 2D half-cylinder
(AR0.1) about its semi-major axis, d) is the 3D shape produced by expanding our
¿/D half-cylinder (AR5) into the z axis, and e) is the 3D shape produced by rotating
the 2D ellipse about its longer axis.
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3.2

Experim ental R esults

When the experiment was set in motion, each particle was released from different
initial orientations and the final orientation was documented each time. Snapshots
of the particles were taken as they descended to the bottom of the tank. Movies of
the particles sediments were recorded to document the time the particles took to hit
the bottom of the tank. Each particle took approximately 10 seconds to reach the
bottom of the tank.

3.2.1

T he Ellipsoid

b= ^

Figure 3.3. In the figure above, a-c show the possible initial and terminal position for
the ellipse.

Run

6

,

1

a

a

2

b

a

3

c

a

4

a

a

5

b

a

6

c

a

7

a

a
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b

a

9

c

a
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a

a

Table 3.1: The table shows 10 runs for the ellipse for different initial positions Qi and
the observed terminal position Of.
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Figure 3.4: Experiment set in motion for the ellipse, particle e) (see figure 3.2). The
terminal orientation of the ellipsoid coincided with the terminal orientation predicted
by the simulation. The initial orientation for the case of the ellipse is shown in figure
3.3.

3.2.2

H alf-C ylinder AR5

Figure 3.5: In the figure, a-e show possible initial and terminal position for the AR5
particle.
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Table 3.2: The table shows 10 runs for our AR5 particle for different initial positions
0i and the observed terminal position 9f . The table on the left shows the results for
AR5 particle a), and the table on the right shows the results for AR5 particle b) (see
figure 3.2).
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The terminal orientation for the half-cylinder coincided with the terminal orientation
predicted by the simulation. The exception was for particle b) (see figure 3.2). As
shown on table3.2, the terminal orientation of particle b) was different in two of the
runs of the experiment. The length of particle b) was 2 in and it showed initial
swinging oscillation motion before it reached a steady state. Since the length and
width of the tank were 4.8 in respectively, particle b) found itself forcing its way to
the walls of the tank and not being able to turn upside down and sediment with the
curved side down as expected.

Figure 3.6: Experiment set in motion for the AR5 particle a) (see figure 3.2). Towards
the bottom of the tank, very little to no oscillations were observed.

Figure 3.7: Experiment set in motion for the AR5 particle b) (see figure 3.2). Towards
the bottom of the tank, some, but small oscillations were observed.

3.2.3

H alf-Cylinder ARO.l

The ARO.l particles c) and d) gravitated towards the walls of the tank each time
they were released (see figure 3.8). This was due to particles c) and d) being heavier
towards the thicker end of each particle. Therefore, the center of mass of each of these
particles changed compare to our 2D simulation due to our simulation not accounting
for gravitational effects.

Figure 3.8: Experiment set in motion for the ARO.l particles c) and d) (see figure

In the figure above (top left), we observe the 3D version of the ARO.l particle that
results from rotating the ARO.l half-cylinder about it longer axis. The other three
particles shown are the 3D version that result from extending the ARO.l half-cylinder
into the z-axis. More rigorous experiments are currently being designed to verify the
results from our 2D simulation.
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C hapter 4
C onclusion
In previous work, scientists have studied the MEP principle and have found it to be a
valuable tool to predict pattern selection. However, studies had only been conducted
for very symmetric bodies and in extremely small Re. We want to understand if this
is a general principle and if it can be used to study other fluid dynamics patterns.
We designed a problem to test if the MEP works when the solid solid body is not
highly symmetric (half-cylinders) and for high values of Re, in the regime when the
system is “far from thermodynamic equilibrium”.

The main results of this study are:

1) We found that bodies possessing isotropic symmetry or containing two planes
of reflection symmetry with one axis of rotational symmetry (ellipse), align them
selves such as their long axes is perpendicular to the uniform flow direction, in their
terminal stable states. The results were verified for 0 < Re ^ 10 in our simula
tion and also through experiments. This configuration coincides with (i) maximum
entropy production, (ii) maximum total drag, (Hi) maximum pressure drag, and (iv)
minimum viscous drag.
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2) In the near equilibrium state, corresponding to 0 < Re < 1.6, bodies possess
ing one axis of reflection symmetry, such as half-cylinders, with sufficiently large
aspect ratio, align themselves such that their flat sides become perpendicular to the
uniform flow direction. These bodies possess two equilibria corresponding to orienta
tion angles 90° and 270° with the former corresponding to the terminal stable state.
This stable configuration coincides with (i) the maximum entropy production; (ii)
maximum total drag;(Hi) min-max of pressure drag and (iv) max-min of viscous drag,
over all angles.

3) When the system is sufficiently far from thermodynamic equilibrium, corresponding
to flow speeds 1.6 < Re < 10, the half-cylinders, with sufficiently large aspect ratio,
continue to align themselves with 6 = 90 in the stable state. It was also observed in
the experiments that regardless of the initial orientation of the AR5 half-cylinder, its
final orientation was with the curved side facing the flow. This stable configuration
coincides with (i) the min-max of entropy production; (ii) min-max total drag;(Hi)
min-max of pressure drag and (iv) max-min of viscous drag.

4) We found that bodies possessing one axis of reflection symmetry, such as half
cylinders, with sufficiently small aspect ratio, align themselves such as their long axes
is perpendicular to the uniform flow direction, in their terminal stable states. The
experiments to verify these result are currently being carefully designed. This con
figuration coincides with (i) maximum entropy production, (ii) maximum total drag,
(Hi) maximum pressure drag, and (iv) minimum viscous drag.

34

N ^ ar
0.1

10

0.1

0.25

0.5

1

2

3

4

5

0°

0°

0°

20°

907270°

90 °/2 7 0°

9 0 °/2 7 0 °

90 °/2 7 0°

M EP

M EP

?

7

?

?

M EP

M EP

0°

0°

2 0°
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7
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M EP

M i n - M a x EP
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Table 4.1: 2D simulation results for Re = 0.1 and Re = 10 for all aspect ratios. Data
in yellow represent results that are being carefully analyzed.

The MEPP proved to be a useful tool to predict the terminal orientation of a homo
geneous body with fore-aft symmetry as it sediments in a newtonian fluid. The MEPP
also proved to be valid as a pattern selection tool for a half-cylinder sedimenting in
a newtonian fluid, a body with less symmetries. For the range R e,(0 < Re < 1.6)
for the half-cylinder AR5, the terminal position of the solid boby coincided with
that of Maximum Entropy Production. For Re > 1.6, the terminal position of the
half-cylinder AR5 coincided with that of Min-Max Entropy Production. Experiments
are currently being designed to compare with the results from the simulation for the
half-cylinder AR0.1. More research and rigorous experiments are necessary to fully
understand the behavior of half-cylinders with aspect ratios 0.5 < A R < 3.

35

B ibliography
[1] Leal, L.G., Particle Motion in a Viscous Fluid,Annual Review of Fluid Mechanics,
1980, 12, 435-476.
[2] Camassa, R.; Chung, B.J.; Howard, P.; McLaughlin, R.M. and Vaidya, A. Vortex
induced oscillations of cylinders at low and intermediate Reynolds numbers, In
Advances in Mathematical Fluid Mechanics; Ed. Sequeira, A. and Rannacher, R.;
Springer Verlag, heidelberg, Germany, 2010, pp. 135-145.
[3] Chung, B.J.; Cohrs, M.; Ernst, W.; Galdi, G.P. and Vaidya, A. Wake-cylinder
interaction at low and intermediate Reynolds numbers, Archive of Applied Me
chanics, July 2015, in press.
[4] Martyushev, L.M. and Seleznev, V.D., Maximum entropy production principle in
physics, chemistry and biology, Physics Reports, 2006, 426, 1-45.
[5] Ziegler, H., An introduction to thermodynamics, North-Holland, Amsterdam,
1983.
[6] Prigogine, I., Introduction to thermodynamics of irreversible processes; Inter
science Publishers, New York, USA, 1955.
[7] Onsager, L., Reciprocal relations in irreversible processes. I., Phys. Rev., 1931,
37, 405-426.

36

[8] L. Onsager, Reciprocal relations in irreversible processes. II, Phys. Rev. 38 (1931)
2265-2279.
[9] Ross, J., Corlan, A.D. and Müller, S.C. Proposed Principle of Maximum Local
Entropy Production, J. Phys. Chem. B, 2012, 116, 7858-7865.
[10] Martyushev, L.M. and Seleznev, V.D., The restrictions of the maximum entropy
production principle, Physica A, 2014, 410, 17-21. Entropy 2015, xx 8
[11] Chung, B.J. and Vaidya, A. An optimal principle in fluid-structure interaction,
Physica D, 2008 237, 2945-2951.
[12] Chung, B.J. and Vaidya, A. Non-equilibrium pattern selection in particle sedi
mentation, Applied Mathematics and Computation, 2011, 218, 3451-3465.
[13] Vaidya, A., MaxEP and stable configurations in fluid solid interactions. In Be
yond the Second Law: Entropy Production and Non-Equilibrium Systems, Eds.
Dewar R.C., Lineweaver C., Niven R. & Regenauer-Lieb K.; Springer Verlag,
Heidelberg, Germany, 2012, pp. 257-276.
[14] Chung, B.J.; McDermid, K. and Vaidya, A. On the affordances of the MaxEP
principle, European Physical Journal B: Condensed Matter and Complex Systems,
2014, 87.
[15] https://www.comsol.com/
[16] Hubler, A.; Belkin, A.; Bezryadin, A., Complexity, 2014, 20, 8-11.
[17] Bordel,S., Steepest entropy increase is justified by informa-tion theory. The re
lations between Zieglers principle, On- sagers formalism and Prigogines principle,
Physica A, 389, 21 (2010).
[18] T. Christen, Application of the maximum entropy production principle to elec
trical systems, J. Phys. D: Appl. Phys. 39 (2006) 4497-4503.
37

[19] C. Horne, C.A. Smith, K. Karamcheti, Aeroacoustic and Aerodynamic Appli
cations of the theory of nonequilibrium thermodynamics, NASA Technical Paper
3118, June 1991.
[20] B. J. Chung, B. Ortega, A. Vaidya Entropy production for the terminal ori
entation of a half cylinder in a flow. Conference Proceedings Paper - Entropy,
(2015)
[21] J.Wang, R.Bai, C.Lewandowski, G.P.Galdi, D.D. Joseph Sedimentation of Cylin
drical Particles in a Viscoelastic Liquid: Shape-Tilting
[22] G.W. Paltridge, Quart. J. Roy. Met. Soc. 101 (1975) 475.
[23] G.W. Paltridge, Quart. J. Roy. Met. Soc. 104 (1978) 927.
[24] G.W. Paltridge, Nature 279 (1979) 630.
[25] G.W. Paltridge, Quart. J. Roy. Met. Soc. 107 (1981) 531.
[26] G.W. Paltridge, Quart. J. Roy. Met. Soc. 127 (2001) 305
[27] G.A.Kuz’min,in:M.A.Goldshtik(Ed-),Structural Turbulence, Institute of Ther
mophysics, Acad. NaukSSSR, Novosibirsk, 1982(inRussian).
[28] R. Robert, J. Sommeria, J. Fluid Mech. 229 (1991) 291.
[29] R. Robert, J. Sommeria, Phys. Rev. Lett. 69 (19) (1992) 2776.
[30] R. Robert, C. Rosier, J. Stat. Phys. 86 (3-4) (1997) 481.
[31] P.-H. Chavanis, J. Sommeria, Phys. Rev. E 65 (2002) 026302.
[32] E. Kazantsev, J. Sommeria, J. Verron, J. Phys. Oceanogr. 28 (1998) 1017.
[33] I. Polyakov, J. Phys. Oceanogr. 31 (2001) 2255.

38

[34] P.-H. Chavanis, J. Sommeria, R. Robert, Astrophys. J. 471 (1996) 385.
[35] P.-H. Chavanis, Phys. Rev. E 58 (2) (1998) R1199.
[36] P.-H. Chavanis, in: N. Antonie, C.J. van Duijn, W. Jager, A. Rikelic (Eds.),
Proceedings of the Conference on Multiscale Problems in Science and Technology,
Springer, Berlin, 2002(astro-ph/0212205).
[37] P.-H. Chavanis, in: T. Dauxois, S. Ruffo, E. Arimond, M. Wilkens (Eds.), Dy
namics and Thermodynamics of Systems with Long Range Interactions, Lecture
Notes in Physics, vol. 602, Springer, Berlin, 2002(cond-mat/0212223).
[38] J.S. Kirkaldy, Rep. Prog. Phys. 55 (1992) 723.
[39] J.S. Kirkaldy, Metall. Trans. 16A (1985) 1781.
[40] L.M. Martyushev, V.D. Seleznev, I.E. Kuznetsova, JETP 91 (1) (2000) 132.
[41] C. Zener, Trans. AIME 167 (1946) 550.
[42] D. Venugopalan, J.S. Kirkaldy, Acta Metall. 32 (1984) 893.
[43] J.S. Kirkaldy, Phys. Rev. B 30 (12) (1984) 6889.
[44] P. Zupanovic, D. Juretic, S. Botric, Phys. Rev. E 70 (2004) 056108.
[45] P. Würfel, W. Ruppel, J. Phys. C: Sol. Stat. Phys. 18 (1985) 2987.
[46] T. Hayashi, T. Sato, Complex Simul. Group, Plasma Phys. Control. Fusion 41
(1999) A229.
[47] T. Sato, Complex. Simul. Group, Prog. Theor. Phys. 138 (Suppl.) (2000) 657.
[48] Yu.M. Ivanchenko, Phys. Rev. B 54 (18) (1996) 13247.
[49] P. Chambadal, Evolution et applications du concept d’entropie, Dunod, Paris,
1963 (in French).
39

[50] U.S. Musabekov, Marselen Berthelot 1827-1907, Nauka, Moscow, 1965 (in Rus
sian).
[51] K. Matin’on, UFN (PHYSICS-USPEKHI) 8 (1) (1928) 1.
[52] V.F. Luginin, Brief Course of Thermochemistry, Moscow, 1903 (in Russian).
[53] M.I. Shahparonov, Russ. J. Phys. Chem. LIII (12) (1979) 3043.
[54] Peter Joseph Nolan. Numerical Study of Body Shape and Wing Flexibility in
Fluid Structure Interaction. (A Thesis).
[55] M.I. Shahparonov, Russ. J. Phys. Chem. LX (2) (1986) 519.
[56] M.I. Shahparonov, in: A.I. Lopushanskaia (Ed.), Thermodynamics of Nonequilibrium Process, Nauka, Moscow, 1987 (in Russian).
[57] https://en.wikipedia.org/wiki/Dissipative-system
[58] https://simple.wikipedia.org/wiki/Dissipation
[59] http://math.ucr.edu/home/baez/information/ellipsoid.jpg
[60] http:/ /images.tutorvista.com/cms/images/67/right-cylinder.png

40

